Compared with other T cell lines, C8166 lymphocytes are particularly susceptible to human immunodeficiency virus (HIV) infection and the outcome is invariably cell death. The results reported in this study demonstrate that the virus-induced cytolysis is strongly dependent on the initial cell density of C8166 cultures. Cultures diluted to 50 to 500 cells/ml almost completely maintained their cell duplication rate and released infectious virus into the medium. HIV infection of diluted C8166 cells is a simple and easily reproducible procedure for obtaining persistently infected cultures. These cultures contained genomic and extragenomic HIV DNA, the latter being assayed by PCR for two-long terminal repeat circular forms. The status of persistent infection disappeared within 2 months. The recovery is due to the replacement of CD4 down-regulated infected cells by overgrowing uninfected cell variants, which are transcriptionally inactive for CD4. The mechanisms underlying the emergence of these variants in persistently infected cultures are considered.
Introduction
Human immunodeficiency virus (HIV) is cytopathic for cells of the T lymphocyte lineage both in vitro and in the blood of infected patients. HIV-induced cytopathicity is characterized by syncytium formation and single cell lysis, the latter being prevalent in vivo and contributing to T4 lymphocyte depletion in AIDS patients (Rosenberg & Fauci, 1991) .
Many reports have suggested that cytopathicity and host cell range are attributes of the viral genotype (Sakai et al., 1988 (Sakai et al., , 1991 York-Higgins et al., 1990; Kim et al., 1990; Cheng-Mayer et al., 1989) , but the host cell also plays a role in HIV-induced cytopathicity. The surface concentration of CD4 receptor can be considered as the critical factor involved in HIV infection and cytopathicity for T lymphocytes and derived cell lines. In particular, it has been suggested that the CD4 downregulation protects the infected cells from death, by inhibiting the cellular accumulation of extragenomic provirus following multiple cycles of reinfection (Stevenson et al., 1988; Marshall et al., 1992) .
C8166 T lymphocytes are characterized by extreme permissiveness to HIV infection, as demonstrated by accelerated virus replication, followed in turn by massive cytolysis (Somasundaran & Robinson, 1988) . Establishment of persistently infected C8166 cultures has not been reported to date.
In this study, we demonstrate that the survival of C8166 cells following HIV infection correlates with the initial density of the culture: cells diluted to 50 to 500 cells/ml and infected with HIV maintained their duplication rate and released fully infectious virus into the medium. Persistently infected cultures, therefore, were obtained and these carried integrated provirus as well as extragenomic HIV DNA. These cultures were grown for at least 2 months. During this period, the infected cells progressively decreased and completely disappeared within 50 days. The cultures that had recovered from the infection were virus-free and negative for CD4 mRNA.
Methods
Cell cultures and cloning procedures. C8166, a human T cell line immortalized by human T cell leukaemia virus (Salahuddin et al., 1983) , was routinely maintained in RPMI 1640 medium supplemented with 10 % fetal calf serum (FCS) (RPMI), in Falcon bottles, by splitting the cultures at a 1:4 ratio every 4 days. Clonal subpopulations were obtained by taking cell suspensions at densities of 100, 1000 and 10000 cells/ml in RPMI 1640 medium supplemented with 20 % FCS. To 9 vol of these cell suspensions was added 1 vol of 3 % Bacto Agar, previously dissolved and kept at 42 °C. The agar~ell suspension was distributed in Falcon dishes (3 cm diam., 2 ml dish) and then incubated at 37_+0.5 °C in a 5% CO 2 95% air humidified atmosphere, until macroscopic expansion of clones was achieved.
Production and titration of virus stocks. The H9/HTLV-IIIB cell line was kindly provided by Dr G. B. Rossi (Istituto Superiore di SanitA, Rome, Italy). This line was maintained in RPMI at 37 °C in a CO 2 atmosphere and passaged every 5 days at a 1:5 split ratio. Medium from exponentially growing cells was collected, filtered through 0-45 btm Millipore filters, and employed as virus stock (HIV/H9). The titration of HIV/H9 stocks was performed in 96-well fiat-bottomed Falcon plates. A sample (0-1 ml) of 10-fold dilutions of virus stocks (10 wells for each dilution) was added to wells containing 5 x 104 C8166 cells in 0.1 ml. The cultures were incubated and monitored daily for up to 120 h. The wells were scored as positive when at least one syncytium could be observed. Virus titres, expressed as TCIDs0, were calculated by the formula of Reed & Muench (1938) .
CD4 expression on the cell surface. The levels of CD4 on infected or uninfected cell surfaces were determined by flow cytometry, by fluorescence-activated cell sorting (FACS) using a FACScan cytometer, using Consort 30 software (Becton-Dickinson), by staining the cells with ftuorescein isothiocyanate (FITC)-labelled OKT4 monoclonal antibody (MAb) (Ortho Diagnostic). In some experiments the presence of CD4 on cells (fixed with 2 % parafornlaldehyde) was assayed by indirect immunofluorescence with OKT4 MAb and FITC-conjugated goat anti-mouse IgG (Sigma).
Calculation of the number of infectious cells in C8166 cultures.
Cells from infected cultures were diluted 10-fold in RPMI and distributed in wells (10 wells for each cell dilution) that had been seeded with uninfected C8166 cells (104 cells/well). The plates were incubated at 37 °C for 6 to 8 days and observed for the emergence of syncytia. The minimum number of cells needed for inducing syncytia in 50 % of the previously uninfected C8166 cell cultures was calculated according to the Reed & Muench (1938) formula and expressed as ISCs0.
Purification and J~'actionation of cellular DNA. Genomic and extrachromosomal fractions were separated by the Hirt procedure (Hirt, 1967) . The phenol~zhloroform method (Sambrook et al., 1989) was used for extracting DNA from each fraction previously treated with 60 lag/ml proteinase K. Genomic DNA was further purified in 1% agarose Nusieve gel. High M,. DNA was excised and extracted (twice) with phenol-chloroform. Genomic (1 p.g) and extragenomic (from 105 cells) DNAs were analysed by PCR.
Reverse transcription of CD4 mRNA. Total cellular RNA was extracted from 10~cells by the guanidinium thiocyanate method (Chomczynski & Sacchi, 1987) and then dissolved in 30lal of diethylpyrocarbonate-treated water and 10 lag of RNasin was added. A sample (5 ~tl) of RNA solution, denatured at 70 °C, was reversetranscribed in 20 lal of a mixture containing 50 units of Moloney leukaemia virus reverse transcriptase (Bethesda Research Laboratories), 10 mM-Tri~HC1 pH 8'3, 7.5 mM-KC1, 2.5 mM-MgC12, 200 laMdNTP and 0"5 laM of a residue 501 to 472 oligonucleotide (see legend to Fig. 1 ) as CD4 antisense primer. After 1 h of incubation at 37 °C, 10 lal of the synthesized cDNAs were subjected to PCR analysis.
PCR of DNA and RNA. Genomic and extragenomic DNAs from infected and uninfected C8166 cells and cDNA/CD4 from C8166, HeLa and Jurkat cells were added to 100 lal of amplification mixture containing 0.5 laN of specific primers, 200 laM-dNTP, 50 laM-KC1, 10 mM-Tris-HC1 pH 8-3, 1.5 mM-MgC12, 2.5 units of Amplitaq DNA polymerase (Perkin-Elmer Cetus) and 2 mg/ml gelatin. The same reaction mixture with minor modifications (100laM-dNTP, 5 mMMgC12, 0'1 laM specific primers) was used for the amplification of 2-LTR (long terminal repeat) circular DNA (Pang et al., 1990) .
The samples were subjected to 30 cycles of amplification in the Perkin-Elmer DNA Thermal Cycler. The time and temperature conditions of each cycle were: 2 min at 94 °C, 1.5 min at 55 °C and 2 rain at 72 °C, for HIV and CD4; 1 min at 95 °C, 2 min at 61 °C and 3 min at 72 °C, for mitochondrial DNA; 1 min at 91 °C and 2 min at 65 °C, for 2-LTR circular DNA.
Aliquots (15 lal) of amplified samples were electrophoresed on 2% agarose gel in TBE buffer (90 mM-Tris-HC1 pH 8.0, 90 mM-boric acid, 2 mM-EDTA) containing ethidium bromide. The bands were transferred to Hybond N ÷ membrane (Amersham) in 0.4 M-NaOH under slight vacuum and prehybridized at 55°C for 2h in 4xSSC, 5 x Denhardt's solution, 0.5 % SDS and 10 lag/ml of denatured salmon sperm DNA. The hybridization was carried out at 55 °C overnight in the above mixture containing 10 pmol of the T4 polynucleotide kinase a2P-labelled specific probes. After washing with 2 x SSC, 0-1% SDS at room temperature for 15 min, the membranes were autoradiographed.
Determination of CD4 mRNA by Northern blotting. Total RNA was extracted from 107 cells with 4 N-guanidinium thiocyanate followed by centrifugation in CsC1 solution (density 1.8g/ml) according to Chirgwin et al. (1979) . Twenty lag of RNA was denatured at 65 °C for 15 rain, electrophoresed on 1% agarose-2.2 N-formaldehyde gel, and transferred to nylon N ÷ membranes with 20 x SSC under slight vacuum. RNA blots were prehybridized for 4 to 6 h at 42 °C in a solution containing 5 x SSC, 50 % formamide, 5 x Denhardt's solution, 0-5 % SDS, and 100 lag/ml of denatured sonicated salmon sperm DNA. Hybridization was performed at 42 °C for 24 h in the same solution supplemented with 5x 108d.p.m./ml of 32P-labelled CD4 probe prepared from the T4-pMV7 plasmid (Maddon et al., 1986) . After two washings in 2 x SSC and 0-5 % SDS at room temperature, followed by two washings in 0.2 x SSC and 0-2 % SDS at 65 °C, the membranes were autoradiographed at -70 °C on Kodak X-Omat G film with an intensifying screen (Du Pont). Estimation of the quantity of each RNA was performed by parallel Northern blotting using a 32P-labelled fl-actin probe.
Search for CD4-negative cells by negative selection using immunomagnetic beads. Uninfected C8166 cells (4x l0 s ceils), suspended in 1 ml of PBS with 3 % FCS, were mixed with M-450 CD4 beads (Dynal) at the ratio of 40 beads/cell. After 30 min incubation in an end-overend rotor at 4 °C, the CD4-positive cells that were not bound to the beads were recovered by use of an MPC-1 magnet (Dynal) and discarded. The unbound cells were collected, regrown and assayed for surface CD4 expression by FACS analysis.
Complement-induced immunolysis. C8166 cells (2 x 106 cells in 0.2 ml of serum-free RPMI) were treated with 15 lag of T4 MAb (Coulter) and 2 units of guinea-pig complement (Institute Behring, Italy). After 2 h of incubation at 37 °C, the cells were subjected to cloning procedures, as described above.
Results

Cell infection and CD4 receptor down-regulation
In our experimental protocol, C8166 cells were seeded at a density of 5 x 104 cells/ml in RPMI containing culture medium of H9/HTLV-IIIB cells; the final concentration of virus was 10 G7 TCID~0/ml, equivalent to an m.o. 
Influence of cell density of infected cultures on survival rate and virus expression
An easy way to reduce or prevent cell reinfection without using specific antibodies or drugs is to infect cultures seeded at very low density; in this way, the concentration (Fig. 2 a) and intense HIV-specific fluorescence ( Fig. 2 c) ; later (6 to 8 days p.i.) these cultures appeared to have completely degenerated. In more dilute cultures the outcome of infection, however, differed significantly: the percentage of surviving and overgrowing cultures increased as the initial cell density decreased (Fig. 3) . Ten to 15 days p.i., in the majority of the cultures initially seeded at 101 cells per well, the cells appeared clustered (Fig. 2b) and showed weak HIV-specific fluorescence (Fig. 2d) (Anderson et al., 1981) .
and 72 h after cell seeding, respectively. The cultures reinfected at 72 h showed rates of cell survival similar to those of cultures infected only once. In contrast, cultures reinfected at 24 h showed a lower survival rate (Fig. 3) . These results indicate that 24 h after the first exposure to the virus, most of the cells were still susceptible to the killing effects of a second inoculum whereas at 72 h p.i. the cells became resistant to superinfection. This resistance to superinfection, exhibited by the low density cultures, coincides temporarily with strong down-regulation of the CD4 receptor, as determined by indirect immunofluorescence assay (IFA) using the OKT4 MAb (not shown).
Integrated and extragenomic H I V DNA in acutely and persistently infected cultures
The presence of integrated and extragenomic HIV DNA was determined by PCR analysis of the U5-gag region (genomic fraction) and 2-LTR circle molecules (Hirt fraction) in cultures seeded at a cell density of 5 x 104 cells/ml (acute infection) and 50 cells/ml (chronic infection). As shown in Fig. 4 , the amplification of DNA extracted from the cells collected 24 h p.i. gave strong signals for the gag region in the genomic DNA fraction and very weak ones for the 2-LTR circular molecules in the Hirt fraction. At later times the 2-LTR circle positivity increased considerably. This increase was almost completely inhibited when azidothymidine (AZT) (20 riM) was added to the cells 24 h p.i., suggesting that the accumulation of extragenomic DNA was due to multiple rounds of cell reinfection. We also investigated HIV DNA forms in the genomic and extragenomic fractions of persistently infected cultures obtained from highly diluted cells. To this end a diluted cell suspension (50 cells/ml) was distributed in multi-well plates (0.2 ml/well) and infected with HIV/H9 at the final concentration of 106.7 TCIDs0/ml. Ten days after seeding, most of the wells contained fully growing cultures. The cells of each well were mixed together, resuspended in fresh medium at a density of 105 celts/ml and reincubated. This culture was maintained by diluting the cells 1 : 5 at every passage. The cells were harvested 12, 20 and 30 days p.i. Genomic and extragenomic DNAs were extracted from each cell sample and analysed by PCR as above. Strong signals for the gag region were obtained in the genomic fractions. All cell samples were PCR-positive for 2-LTR DNA circles, indicating the presence of extrachromosomal HIV DNA during the growth of the persistently infected cultures (Fig. 4) . 
Follow-up of persistently infected C8166 cell cultures
Three persistently infected cultures (S1, $2 and $3), each obtained from a well containing 10 cells, were grown for 60 days or more (one passage every 5 days). At different times, the cultures were observed for the following parameters: (i) number of infected cells calculated by the IFA and ISCs0 values, (ii) PCR positivity for genomic and extragenomic DNAs, (iii) surface CD4 expression and (iv) presence of CD4 mRNA. Twelve days after cell seeding, almost all the cells in cultures SI, $2 and $3 were infected, as evaluated by cocultivation assay. The virus released into the medium was fully infectious and induced syncytia in C8166 cell cultures (not shown). The cells were positive for genomic and extragenomic HIV DNA. IFA, however, gave values ranging from 54 % to 83 % of positive cells, indicating that a significant fraction of cells expressed very low levels of viral proteins. At later times, the number of infected cells decreased and, 60 days p.i., the cultures S 1 and $2 were negative by all the parameters investigated whereas the culture $3 was still infected, albeit at an extremely low rate. The data indicating progressive recovery from infection are shown in Table 2 which refers to one of the cultures observed (Sl). Surface CD4 was found to be always absent by FACS analysis of the persistently infected cultures, whereas CD4 mRNA, initially present, disappeared at later times. The blockage of CD4 transcription assayed by PCR was also confirmed by Northern blotting as shown in Fig. 5 .
Sixty days p.i., culture S1 was cloned in soft agar. All isolated clones (named HS1 clones) were negative for HIV provirus and for CD4 mRNA expression. The absence of CD4 mRNA is a stable characteristic of these clones, as established by replicate observations during at least 1 year.
To investigate whether H81 clones could be spontaneous CD4-negative revertants arising from uninfected C8166 cells, we tried to select CD4-negative cells from replicating uninfected cultures. C8166 cells were seeded at a density of 5 x 101 cells/ml and grown to 5 x 105 cells/ml. Four million cells of the culture were mixed with M-450 CD4 beads (40 beads per cell). Almost all the cells of every culture expressed CD4 antigen on their surface, since they bound to the beads and could be removed by the magnet. The few cells escaping the immunoselection (about 0'5 %) were re-expanded and subjected to a second immunoselection procedure, as outlined above. In spite of the fact that these regrown cells were derived from apparently CD4-negative cup tures, most of them bound efficiently to CD4 beads. After two additional cycles of regrowing and immunopurging, the selected cells were still positive for CD4 as determined by FACS analysis (not shown). These cells were subjected to complement-induced immunolysis with T4 MAb and cloned in soft agar. The rare expanded clones were CD4-positive by FACS analysis, suggesting that spontaneous CD4+/CD4 -reversion does not occur in uninfected C8166 cell cultures or is a very rare event.
Discussion
C8166 cells diluted to 50 to 500 cells/ml almost completely maintain their cell duplication rate while they continue to release infectious virus into the medium. This is consistent with the hypothesis that the reduced rate of cell reinfection occuring in HIV-infected low density cultures leads to a slowing of virus replication. In this way, CD4 down-regulation occurs before irreversible cellular damage takes place. As expected, such a steady state can be interrupted by adding fresh virus to the cultures in the course of 48 to 72 h p.i. Subsequently, the cells become stably resistant to superinfection, permitting the establishment of persistently infected cultures. In accordance with the above hypothesis, we found that the cells of low density cultures down-regulated their CD4 receptor, starting from 72 h p.i. This was observed by IFA using OKT4 MAb, which binds to the receptor in a different position from the one involved in gp 120 binding (Sattentau et al., 1986) .
The effect of superinfection on cell death has been studied by Bergeron & Sodroski (1992) . They provide evidence that cell treatments inhibiting cell superinfection do not prevent the single cell lysis of C8166 cells infected with the viral clone HXBc2. Although it is not easy to compare results obtained with two different virus strains, we are inclined to think that the increased cell survival of low density cultures is due only in part to a reduced rate of superinfection. The involvement of mechanisms related to the cell crowding conditions cannot be excluded. In this context, it may be relevant that the saturation density (at the end of the culture growth) of C8166 cells is lower than that found in other T cell lines, such as CEM cells (about 7 x 105, and 1.2 x 106 cells/ml, respectively, under our experimental conditions).
In the course of acute infection, the 2-LTR circles accumulated. This accumulation was inhibited by treating the cells with AZT, suggesting that the extragenomic DNA accumulation is due to multiple rounds of cell reinfection. This assumption is consistent with the conclusions reported by others (Besansky et al., 1991; Bergeron & Sodroski, 1992) . However, as long as the mechanism(s) leading to the accumulation of extragenomic HIV DNA in CD4 down-regulated C8166 cells is not clarified, the question remains open. We propose, therefore, that a very low concentration of surface CD4 (undetectable by FACS) could be sufficient to allow the cells to be reinfected. In keeping with this hypothesis, no correlation between unintegrated HIV DNA and surface CD4 expression was found by Besansky et al. (1991) in HIV-infected J1 cells.
The establishment of persistent infection obtained by infecting low density C8166 ceils is not permanent: within 2 months every infected cell in the culture disappeared. This suggests that the recovery from the infection is due to the replacement of CD4 downregulated infected cells with overgrowing uninfected cells, the latter being transcriptionally inactive for CD4. A reduced synthesis of CD4 mRNA has already been reported by Hoxie et al. (1986) in HIV-infected CEM cells. It is reasonable to assume that the uninfected/CD4 mRNA-negative cell variants were already pre-existent in uninfected C8166 cell populations. Yet, in our experiments these cell variants emerged from cultures obtained by adding virus to wells containing only 10 cells, which would imply that at least one CD4-negative cell out of ten (10%) should be present in C8166 cell populations at the start of infection. It is very unlikely, however, that so high a proportion of cell variants could have escaped detection by FACS analysis. Another possible explanation for the long-term emergence of CD4-negative uninfected cell variants could be that the high rate of spontaneous CD4+/CD4 -reversion is a peculiar property of C8166 cell cultures. A similar hypothesis has been advanced by Folks et al. (1986) for the origin of infected CD4-negative revertants in another cell line infected by HIV. We have examined this hypothesis by subjecting growing uninfected C8166 cell cultures to selective pressure against CD4-positive cells. In this context, we mimicked the cytocidal effect of HIV, by removing CD4-positive cells with immunobeads followed by complement-dependent immunolysis of immunopurged cells. In spite of this strong selection, no CD4-negative cell variants were ever detected in uninfected C8166 cell cultures. This indicates that HIV infection is apparently indispensable for positive selection of uninfected CD4 mRNA-negative variants to occur. The mechanism for this, however, remains unknown. We have isolated several uninfected clones (H81) from persistently infected C8166 cell cultures, all of which showed a similar morphology, growth behaviour and surface phenotype. A better understanding of the genetic mechanism(s) involved in the stable CD4 inhibition of these clones would shed light on the nature of the events leading to their emergence.
